Background-Study of the vascular response to stent implantation has been hampered by diYculties in sectioning metal and tissue without distortion of the tissue stent interface. The metal is often removed before histochemical processing, causing a loss of arterial architecture. Histological and immunohistochemical sections should be 5 µm with an intact tissue stent interface. Objectives-To identify the most suitable cutting and grinding equipment, embedding resin, and slides for producing thin sections of stented arteries with the stent wires in situ for histological, immunohistochemical, and transmission electron microscopic (TEM) analyses. Methods-20 balloon stainless steel stents were implanted in the coronary arteries of 10 pigs. Twenty eight days later the stented arterial segments were excised, formalin fixed, embedded in five diVerent resins (Epon 812, LR white, T9100, T8100, and JB4), and sectioned with two diVerent high speed saws and a grinder for histological, immunohistochemical, and TEM analyses. Five stented human arteries were obtained at necropsy and processed using the best of the reported methods. Results-The Isomet precision saw and grinder/polisher unit reliably produced 5 µm sections with most embedding resins; minimum section thickness with the horizontal saw was 400 µm. Resin T8100, a glycol methacrylate, enabled satisfactory sectioning, grinding, and histological (toluidine blue, haematoxylin and eosin, and trichromatic and polychromatic stains) and immunohistochemical analyses ( smooth muscle actin, von Willebrand factor, vimentin, proliferating cell nuclear antigen, and CD68 (mac 387)). T9100 and T8100 embedded stented sections were suitable for ultrastructural examination with TEM. Stented human arterial sections showed preserved arterial architecture with the struts in situ. Conclusion-This study identified the optimal methods for embedding, sawing, grinding, and slide mounting of stented arteries to achieve 5 µm sections with an intact tissue metal interface, excellent surface qualities, histological and immunohistochemical staining properties, and suitability for TEM examination. The technique is applicable to experimental and clinical specimens. (Heart 1998;80:509-516) 
The concept of an endoluminal mechanical device to hold open an artery was first introduced by Dotter, who in 1969 reported the use of such a device in the canine popliteal artery. Metallic stents are now frequently used as an adjunct to coronary balloon angioplasty. [1] [2] [3] [4] Restenosis within stents is an important clinical problem. Our understanding of the vascular reaction to stent implantation in humans has been limited by the rarity of necropsy specimens. Atherectomy specimens may oVer some insights, but samples are few and fragmented. Porcine coronary artery has oVered significant insights into the response to balloon angioplasty. [5] [6] [7] [8] [9] [10] The vascular reaction to stents may also be studied in animal models. [11] [12] [13] [14] [15] [16] The practical diYculties inherent in sectioning metal and tissue together without disruption of the tissue morphology have also limited analysis of the vascular response to stents. One method has been to remove the metal before histological processing causing the loss of normal vascular architecture, especially at the metal tissue interface. 11-14 17 18 Hard biological tissue, such as bone, can be embedded in plastics, sectioned with a high speed saw and ground to a thickness suitable for histological examination. [19] [20] [21] [22] A similar technique has been used to section stented arteries (50-100 µm) embedded in methyl methacrylate. [23] [24] [25] A direct method of sectioning methyl methacrylate embedded stented arteries has also been described. 26 Sections in this study permitted some histological staining but there was no documented use of immunohistochemical techniques or transmission electron microscopy (TEM), with the struts in situ. Arterial sections for immunohistochemical processing should be at most 5 µm and, as most cellular reaction to stents occurs immediately around the struts, have an intact tissue metal interface. Moreover, tissue immunoreactivity should be similar to that of paraYn embedded sections.
Our aim was to identify the most suitable cutting and grinding equipment, embedding resin, and slides for producing thin sections of stented arteries for histological, immunohistochemical, and TEM analyses, while minimising sample wastage. Finally, we tested applicability of the best techniques for processing stented human arterial specimens obtained at necropsy.
Materials and methods

STENTED PORCINE CORONARY ARTERIES
Twenty balloon expandable stainless steel stents were used: 10 Palmaz-Schatz stents (Cordis, Bracknell, UK) and 10 BiodivYsio stents (Biocompatibles, Farnham, Surrey, UK) were hand crimped onto standard 3.5 mm coronary angioplasty balloons and deployed in the porcine coronary artery as previously described. 27 Each of 10 pigs received two stents of the same type, one in the right coronary artery and one in the left anterior descending artery. Oral aspirin (300 mg) was given daily for five days. The animals were killed 28 days later. All experiments conformed with UK Home OYce regulations.
STENTED HUMAN CORONARY ARTERIES
Five stented arteries from five patients were obtained at necropsy. Table 1 summarises relevant clinical details.
TISSUE COLLECTION AND FIXATION
The porcine hearts were explanted and the stented coronary arterial segments were dissected free with a minimum of surrounding tissue, flushed with saline, immersion fixed in formal saline for 24 hours, and embedded in five diVerent resins (table 2) . Coronary arteries without stents (controls) were fixed as previously described and embedded in resin or paraYn wax.
RESINS
Sawing and grinding of stented arteries can be performed only after embedding in resin. The manufacturer's recommended embedding protocol was used for each resin. For resin T8100, for example, stented tissue blocks were dehydrated in 100% (vol/vol) acetone and immersed in infiltrating solution (50% benzoylperoxide with hydroxyethyl methacrylate) according to the manufacturer's instructions. A 3 cm long stented block required 10 ml of infiltrating solution for 16-24 hours at 4°C. Specimens were transferred into the embedding solution (infiltrating solution plus tetramethyl aniline according to manufacturer's recommendations) after infiltration, then correctly orientated in polythene tubes (TAAB laboratories, Berkshire, UK) and covered with embedding solution. The tubes were hermetically sealed for 24 hours at 4°C.
Softening of the resin may occur during sectioning and grinding because of prolonged contact with water. Softening was assessed by immersion of blocks (n = 3) of each resin in water for up to four hours, the time required to section half a stent. These tests were repeated with arterial tissue embedded in each resin (n = 3) and finally with stented arteries in each resin. The strength of each resin and its ability to withstand continuous flushing were graded on an arbitrary scale (table 3). Sections were also examined for damage to the arterial tissue as a result of resin shrinkage, using light microscopy, and compared with paraYn embedded arterial sections. The most suitable resin was selected for subsequent work, including stented human specimens. The end surface of the resin block was ground using the Metaserv 2000 grinder and fixed onto a slide using a contact adhesive (Super-attak; Loctite). The block was mounted onto the chuck of the Isomet precision saw and a 100 µm section was sliced from the slide end of the resin block. The block surface was then prepared for the next section. The process was repeated to give consecutive 100 µm sections aYxed to each slide. Each 100 µm section was ground to the required thickness using the Metaserv 2000 grinder. Abrasive paper of increasing fineness (sizes 35, 27.5, 21.8, 15.3, and 9 µm) was used to grind each section to 10-20 µm. Finally, sections were either polished with 3 µm paper ready for morphometric analysis or ground further to 5 µm using a Biothin grinder (Buehler) ready for histological and immunohistochemical staining. The stented human specimens were sectioned using the described techniques.
SLIDES
Uncoated glass slides (Shandon, Hampshire, UK), coated glass slides (poly-L-lysine coated and aminopropyltriethoxysilone (APES) coated; BDH, Leicester, UK), and Perspex slides (Mederex, Bath, UK) were compared for eYcacy of fixation to the resin embedded sections and resistance to breakage. Fixation of sections to slides was tested with and without contact adhesive (Super-attak). HISTOLOGICAL AND IMMUNOHISTOCHEMICAL
TECHNIQUES
The following sequence (steps A-C) was adopted to minimise specimen wastage. Initially, the histological and immunohistochemical techniques were tested on arteries without stents embedded in each of five resins (table 2) and sectioned to 5 µm using a conventional microtome (step A). The results were compared with those of paraYn embedded arterial sections, to identify changes in staining properties and immunoreactivity of the arterial tissue following resin embedding. Where appropriate, the staining methods were repeated on 5 µm sections of arteries without stents embedded in resin and sectioned using the high speed saw and grinder/polisher (step B), to exclude changes in staining properties and immunoreactivity due to sawing and grinding. Finally, the histological and immunohistochemical techniques were tested on stented arterial specimens sectioned as described earlier (step C). ParaYn embedded arterial sections (not stented) were used as controls. 
Results
SAWING AND GRINDING
The Leica saw microtome with embedding resins Epon 812, LR white, and T9100 produced 400 µm sections of stented arteries.
Attempts to obtain thinner sections resulted in loss of tissue architecture or stent wires. Minimum section thickness with intact tissue architecture was 600-800 µm with the softer resins T8100 and JB4. Consecutive sections (80-100 µm) of stented arteries embedded in resins Epon 812, LR white, T9100, and T8100 were produced by the Isomet 2000 precision saw at a load of 400 ×g while gradually increasing the rotational speed of the blade from 600 to 1200 rpm. Disruption of the sections increased with higher and lower rotational speeds or loads. These sections were ground with the Metaserv 2000 grinder/polisher to 10-20 µm without loss of tissue architecture or stent wires. On average, 12-14 sections per 15 mm stent were produced. Minimum section thickness achieved with resin JB4 was 400 µm: it was not suitable for grinding.
Kerf loss, defined as the amount of material lost or removed from the specimen due to thickness of the blade passing through the specimen, was reduced by adopting the smallest blade. We therefore tried a selection of diamond abrasive wafering blades (Buehler), ranging from 10-18 cm in diameter and 80-300 µm thickness. The smaller diameter also implies a thinner blade. The 18 cm (300 µm) blade was replaced by a 10 cm blade (80 µm) blade. Smaller blades required a change in blade supports (flanges) from 7.6-4.4 cm, to prevent the blade from bending or torquing during a cut. Together, these changes to the Isomet 2000 precision saw reduced kerf loss from an estimated 300-350 µm to less than 100 µm. An important feature of the Isomet 2000 precision saw is the facility for regular blade maintenance using an integrated blade dressing mechanism. This obviates the need for time consuming dismantling and cleaning of the blade, while also improving eYciency of sectioning and minimising sample wastage. Between 28 and 30 sections per 15 mm stent were reproducibly obtained.
Sections of 10-20 µm obtained with the Metaserv 2000 grinder, along with the finer abrasive paper, frequently had an uneven surface and thickness which gave suboptimal histochemical analysis. This problem was resolved with the portable Biothin grinder. The Biothin grinder allowed accurate and gentle grinding to produce 5 µm sections in resins Epon 812, LR white, T9100, and T8100. Tissue architecture was preserved with the stent wires in situ.
SLIDES AND RESINS
Slides
Perspex slides (Mederex) were resistant to damage during sawing and grinding and, with contact adhesive (Super-attak), exhibited greater adhesion of resin embedded sections than did glass slides. Table 3 summarises strength of the resins and their ability to withstand continuous flushing. We achieved consecutive 100 µm sections of stented arteries embedded in resins Epon 812, LR white, T9100, and T8100. Tissue architecture and stent wires remained intact. Resin JB4 readily absorbed water, making it unsuitable for thin sectioning and grinding. The Metaserv 2000 grinder was used to grind the 100 µm sections to 10-20 µm without loss of tissue architecture or stent wires. Further grinding of
Resin
Figure 1 Histological staining of stented arterial sections. (A) Haematoxylin and eosin stained section (scale bar = 500 µm) showing preserved arterial wall architecture and stent struts in situ; and (B) at higher magnification (scale bar = 100 µm) with an intact internal elastic lamina (arrowheads). (C) Toluidine blue stained section (scale bar = 100 µm) showing varying spatial orientation of cells within the neointimal layer. (D) Trichromatic stained section (scale bar = 100 µm) showing struts in situ, preserved arterial architecture, and an intact internal elastic lamina (arrowheads); and (E) at higher magnification (scale bar = 50 µm) showing cells around the strut arranged in clusters, unlike cells nearer the lumen. (F) Haematoxylin stained section (scale bar = 5 µm) showing an intact tissue metal interface with neointimal cells around the strut arranged in clusters.
Epon 812, LR white, T9100, and T8100 sections with the Biothin achieved adequate 5 µm sections without disrupting tissue architecture or stent wires. Finally, artefactual tissue damage due to resin shrinkage was seen in Epon 812, LR white, and T9100 embedded sections. T8100 and JB4 embedded sections were rarely associated with artefactual damage, similar to the findings obtained with paraYn sections.
HISTOLOGY, IMMUNOHISTOCHEMISTRY, AND TEM
Histology
Poor staining characteristics were seen in Epon 812, LR white, and T9100 embedded sections before deplasticisation. Staining of T8100 and JB4 with toluidine blue, haematoxylin and eosin, trichromatic, and polychromatic produced good results without prior deplasticisation. The optimal temperature for T8100 stented arterial sections was 60°C: this temperature significantly reduced staining time.
Results of these histology stains on T8100 embedded sections are comparable with those of paraYn embedded sections (fig 1) .
Immunohistochemistry
Immunohistochemical techniques on the stented arterial sections embedded in resins Epon 812, LR white, or T9100 failed to produce results without prior removal of the resin. Deplasticisation using organic solvents was incompatible with Perspex slides and was not attempted. Pretreatments (trypsinisation and/or microwave antigen retrieval) did not improve immunohistochemical staining. Sections of stented arterial tissue embedded in resins JB4 and T8100 did not require deplasticisation before immunohistochemical processing: T8100, unlike JB4, preserved morphology as well as that seen with harder resins (Epon 812, LR white, and T9100). The 5 µm sections showed excellent immunohistochemical characteristics and allowed smooth muscle actin, vWF, vimentin, and CD68 antigen staining. Figure 2 shows smooth muscle actin and vWF antigen staining in T8100 embedded stented arteries. PCNA staining was negative.
Transmission electron microscopy
Formalin fixed T9100 and T8100 embedded specimens were amenable to TEM. The morphological detail in these sections was well preserved (fig 3) . JB4 being a softer resin was unsuitable for TEM.
HUMAN STENTED ARTERIAL SPECIMENS
Sections (5 µm) of formalin fixed, T8100 embedded, stented human arterial specimens (optimal sectioning and staining performed according to the aforementioned methods) showed preserved arterial architecture with the struts in situ. These sections were suitable for histological staining (fig 4) .
Discussion
Study of the vascular response to stenting is limited to either paraYn embedded sections after stent removal or 50-100 µm resin embedded sections with the implant in situ. Each method has limitations. Removal of stent before paraYn embedding results in loss of the normal arterial architecture. The method for sectioning methyl methacrylate embedded stented arteries has two major drawbacks. Firstly, there is considerable wastage of the specimen, with only 10-14 sections per 15 mm stent obtained. Secondly, while acceptable for morphometric analysis, the sections are too thick for detailed histological analysis. Attempts to achieve thinner sections causes disruption of tissue architecture and loss of struts. We identified a method for sawing and grinding in combination with appropriate embedding resin and slide mounting to produce 5 µm sections, allowing detailed histological, immunohistochemical, and TEM analyses. These methods are applicable to stented human arterial specimens.
We compared the performance and suitability of two commercially available high speed saws. The Isomet 2000 precision saw and the Metaserv 2000 grinder/polisher unit produced thinner sections, with less wastage from kerf loss, than the Leica saw microtome. We described appropriate adjustments to the Isomet 2000 precision saw which minimised specimen wastage. Regular use of the dressing mechanism increased eYciency of sawing while avoiding undue damage to specimens. Grinding wastage was minimised by using increasingly fine abrasive papers, which also minimised disruption of the sections. Appropriate slide holders allowed ready control of the slides and facilitated grinding. These adjustments produced 10-20 µm sections while minimising disruption. Asymmetry of grinding frequently produced an uneven surface and variable section thickness. The Biothin portable grinder improved the quality of the surface and yielded 5 µm sections without the need for polishing. Collectively, these refinements produced 28-30 sections per 15 mm stent. Some 10-20 minutes are required to produce each section from the resin block with a stented artery.
Sections often detached from the glass slides despite contact adhesive (Super-attak). Aminopropyltriethoxysilone and poly-L-lysine coated glass slides did not oVer any advantage. Sections were also lost because of fragmentation of the glass slides during sawing and grinding. These problems were resolved by the use of Perspex slides with contact adhesive, allowing grinding of sections to 5 µm and minimising wastage.
Glycol methacrylate resin T8100 (TAAB laboratories) was identified as the optimal resin for stent sectioning because of its strength, resistance to flushing with water, and suitability for histological and immunohistochemical techniques. T8100 is suitable for histological staining without prior deacrylation/deplasticisation. Alcohol based stains are incompatible with resin T8100, limiting the range of staining methods, although the stains tested provided all the required histopathological information.
We report the first use of immunohistochemical techniques on stented arterial sections with the stents in situ. We found smooth muscle actin, vWF, vimentin, and CD68 antigens in T8100 embedded stented sections in the absence of microwave antigen retrieval or trypsinisation, although for optimal results, high concentrations of primary and secondary antibodies as well as avidin biotin complex reagents together with incubation at 4°C for 16-24 hours were used. Although resin T8100 preserves the antigenicity of arterial tissue similar to that reported for other tissues, 28 29 PCNA staining was consistently negative. Failure to detect PCNA may be attributed to embedding and polymerisation of the resin. T8100 polymerisation is exothermic despite attempts to control temperature: the PCNA antigen is susceptible to denaturation. Moreover, T8100, like other glycol methacrylates, may mask some antigenic epitopes as it binds to the amino terminal of some amino acids, especially during polymerisation. [29] [30] [31] These reasons may explain the selective loss of antigenicity. TEM permits detailed analysis of the tissue stent interface. We achieved good results despite unconventional fixation with T8100 and T9100 embedded specimens.
The new methods described here are applicable to stented human diseased arteries. This application will enhance understanding of the cellular response to clinical stenting, especially at the tissue stent interface. Furthermore, these methods will allow close evaluation of the expansion characteristics of stents in relation to diVerent plaque characteristics (eccentric, calcified, lipid laden, or thrombotic). Such observations may lead to the development of improved stent designs. CONCLUSION The study of diVerent stent designs, materials, surface coatings, and adjunctive drug treatment [23] [24] [25] requires detailed histological and immunohistochemical analyses of the stented vessel, especially at the tissue metal interface with the struts in situ. Until recently, however, practical diYculties prevented such analyses. Sections of stented arteries (5 µm) can be produced without loss of tissue morphology or metal wire integrity using an Isomet 2000 precision saw, Biothin grinder, glycol methacrylate T8100, Perspex slides, and contact adhesive. These sections are suitable for histological analysis and, for the first time, immunohistochemistical and TEM analyses. Our methods can be used to evaluate the cellular response to vascular implants in stented experimental and human arterial (necropsy) specimens without prior removal of the stents.
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